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Abstract—This review analyzes the available information concerning mechanisms of non-genotoxic action of reactive oxy-
gen species (ROS) during tumor promotion and pathways of their generation under the influence of chemical compounds.
Special attention is given to the ability of ROS to induce pseudohypoxia through inhibition of prolyl oxidase, which is an
oxygen sensor in the cell. Functions of HIF-1a as a main contributor to the ROS-induced promotion are analyzed. Data
suggest that an unregulated high level of HIF-1a in the cell could induce the development of tumors. Hypothetical possi-
bilities of ROS production under the influence of different environmental pollutants, which are promoters of tumorigene-
sis, include functioning of cytochrome P450 during oxidation of substrates, functioning of the mitochondrial respiratory

chain, and action of peroxisome proliferators.
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The initial stages of carcinogenesis under the influ-
ence of chemical substances can be divided into at least
two stages: initiation and promotion. Compounds pos-
sessing both initiating and promoting activity are known
(“complete” carcinogens), as well as substances possess-
ing only promoting properties. These stages are funda-
mentally different: the initiation stage is caused by hered-
itary changes in the cell genome under the influence of
electrophilic genotoxic metabolites of carcinogens,
whereas the promotion stage is mediated by a non-geno-
toxic (epigenomic) mechanism. The promotion stage of
carcinogenesis creates conditions for the preferential
growth of the produced initiated cells [1] to the state
when the tumor size becomes sufficient for its
autonomous functioning without support from outside by
the promoter. Promotion requires the following condi-
tions: stimulation of proliferation, inhibition of intercel-
lular interactions allowing the initiated cells to escape the
regulatory influence of the surrounding normal cells, and
inhibition of apoptosis. As differentiated from the initia-
tion stage, which seems to be short-term and irreversible,
the non-genotoxic action of promoters should be suffi-
ciently long-term and on its termination no tumor arises.
While the mechanism of the initiation stage is rather well
studied and structure of the “final” carcinogen is known
in many cases, the promotion stage much less well stud-
ied. It is unknown if there is a common promotion mech-
anism or if this stage of carcinogenesis proceeds through

several pathways depending on the agent structure and
cell type influenced by the promoter.

A large group of tumor promoters consists of such
environmental pollutants as chlorinated hydrocarbons,
barbiturates, and clofibrate-type peroxisome proliferators.
Environmental pollutants also include components of
exhaust gases of internal combustion engines — polycyclic
aromatic hydrocarbons (PAH). PAHs are “complete” car-
cinogens, i.e. their structure ensures their ability to cat-
alyze both the initiation and promotion stages and induce
carcinogenesis without additional influences. All these
compounds can act as both substrates and inducers of
cytochrome P450 isoforms. The tumor-promoting action
of these substances is now thought to be due to either
functioning of cytochrome P450 isoforms or activation of
receptors involved in transmission of the inducing signal.
Three types of receptors are known that act as sensors of
xenobiotic entrance into the cell: aryl hydrocarbon recep-
tor (Ah receptor), constitutive active androstane receptor
(CAR), and peroxisome proliferator receptor (PPAR).
Mice with knockout of the receptor interacting with a cor-
responding xenobiotic were shown to lose their sensitivity
to the promoting effect of this compound [2, 3].

It is possible that the activated receptors can influ-
ence the transmission of regulatory signals (e.g. mitotic or
antiapoptotic ones) and thus cause promotion. The effect
of promoters can also be indirect, via formation of a com-
pound acting as a direct promoter.
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The promoter-induced production of reactive oxy-
gen species (ROS) in the cell is considered to be a possi-
ble mechanism of promotion. ROS are natural products
of cell vital activity, and many researchers consider them
as secondary messengers in the transmission of regulato-
ry signals. Note that in physiological concentrations ROS
can reversibly change the level of reduced thiol groups in
protein molecules and thus change their functional activ-
ity. It is reasonable to think that ROS are involved in the
transmission of mitotic signal [4-6]. ROS are necessary
for signal transmission on activation of the JNK-depend-
ent pathway. In the inactive state JNK is complexed with
p-glutathione S-transferase and cannot be phosphorylat-
ed by the previous member of the mitotic cascade, the
protein MKK 4/7. To activate JNK, ROS must oxidize
SH-groups of p-glutathione S-transferase with the result-
ing detachment of the latter from JNK and the acquisi-
tion by JNK of the ability for signal transmission [7-9].
Studies on the cell cycle revealed that transmission of the
proliferation signal was associated with an increase in
production of ROS at the late G1-phase along with an
increase in mitochondrial mass, and that the addition of
antioxidants prevented synthesis of cyclin A responsible
for the cell entrance into the S-phase and, as a result, pre-
vents this stage of proliferation [4]. Transmission of the
mitotic signal from growth factors by ROS is associated
with oxidation of thiol groups of tyrosine phosphatases,
which results in their reversible inactivation and facili-
tates proliferation [10]. Thus, ROS act as proliferation
stimulants similarly to proto-oncogenes. Constant disor-
ders in functioning of oncogenes associated with their
increased expression or disorders in the regulation and
the steadily increased level of ROS can lead to the same
results — an unregulated proliferation and finally develop-
ment of a tumor. Induction of promotion caused by the
constant inactivating of tyrosine phosphatases was shown
using phosphatase inhibitors such as okadaic acid, nodu-
larin, and other tumor promoters [11].

The ability of ROS to stimulate the promotion stage
of carcinogenesis has been shown in some models. Such
source of ROS as benzoyl peroxide is a promoter [12].
The hydroperoxide of linoleic acid has tumor-promoting
properties [13]. Injection to animals with skin carcino-
genesis caused by 7,12-dimethylbenz/a/anthracene
(DMBA) of the photosensitizer dihematoporphyrin and a
subsequent UV-irradiation of the skin induced produc-
tion of ROS and had a promoting effect. In the absence of
irradiation, dihematoporphyrin did not display the pro-
moting action [14]. The ROS generation by Kupffer cells
in liver tumor was responsible for the promotion stage of
carcinogenesis induced by diethylnitrosoamine [15] or
peroxisome proliferators [16]. Inflammation is generally
thought to be a factor increasing the risk of development
of malignant tumor [17].

Production of ROS increases under the influence of
various promoters of carcinogenesis. Thus, the promoting
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activity of phorbol esters correlated with their ability to
induce the oxygen burst in macrophages, and injection of
antioxidants prevented the promotion [18, 19]. Peroxi-
some proliferators promoting liver tumors increased pro-
duction of H,0, during carcinogenesis [20]. Chlorinated
hydrocarbons with tumor-promoting features increased
production of ROS in cell culture [21]. Promoters of the
barbiturate class also induced oxygen stress in both in vivo
and in vitro experiments [22].

Production of ROS and of the ROS-induced oxida-
tive stress can be recorded by appearance within the cel-
lular DNA of the guanine oxidation product 8-hydroxy-
deoxyguanidine. This compound can be detected in cell
culture and also in the liver in the presence of different
inducers of cytochrome P450[23, 24]. Injection in vivo of
an effective tumor promoter of chlorinated dioxins
induced oxidative stress manifesting itself by a 4-5-fold
increase in lipid peroxidation, a decrease in the fluidity of
mitochondrial and microsomal membranes, and an
increase in the level of calcium ions in mitochondria and
microsomes [25]. The damage to DNA under the influ-
ence of substances stimulating production of ROS seems
to indicate a mutagenic character of ROS action resulting
in events similar to those induced by carcinogens.
Nevertheless, this is unlikely to be the main factor deter-
mining the tumor-promoting action of ROS. The pro-
moting action must be rather long-term and uninterrupt-
ed, and withdrawal of the agent prevents the development
of tumor, which indicates the reversibility of the promot-
ing effect and suggest an epigenetic action of ROS.

Note that the effect of ROS on cell functions
depends on their concentration. Physiological concentra-
tions of ROS are involved in the regulation of cellular
processes. At higher concentrations (or at physiological
but constant unregulated levels) ROS stimulate prolifera-
tion and induce a pseudohypoxic state; the further
increase in the ROS concentration causes cell death
through apoptosis, irreversible disorders in the structure
of macromolecules, and then the massive death of cells
through necrosis (Fig. 1).

It seems that the stimulation of proliferation through
inhibition of phosphatases is not the only tumor-promot-
ing action of ROS: other disorders in cell functioning
associated with tumor promotion are also observed —
intercellular interactions are changed, cell migration is
stimulated, and apoptosis is inhibited [6]. However, there
is no definite answer to the question of what the pathway
inducing these changes by ROS is. The ability of ROS to
induce pseudohypoxia seems to be the most interesting
possible mechanism of their promoting action.

The switching of cells from normoxia to hypoxia is
regulated by the protein HIF-1a.. In the normoxia state
this protein is oxidized under the influence of prolyl oxi-
dase (PO) at prolines in positions 402 and 564 [26]. PO
can be considered to be a sensor of the oxygen level in the
cell. HIF-1a with oxidized prolines interacts with a ubiq-
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Increase in ROS production
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and lipid peroxidation
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Fig. 1. Effects of reactive oxygen species (ROS) on cell functions depending of the level of ROS production.

uitin ligase, the protein VHL [6, 27], and is destroyed. At
insufficient level of oxygen, PO does not oxidize HIF-1a.,
the protein VHL does not interact with HIF-1a, and the
amount of HIF-1a increases. HIF-1a interacts with the
protein ARNT that is characterized by constant intracel-
lular level, and the complex HIF-1a—ARNT starts func-
tioning as a transcription factor stimulating expression of
more than 200 genes [28] (Fig. 2) that encode proteins
involved in glycolysis, proliferation, and immortalization;
apoptosis is also inhibited [29]. The regulation of other
cellular processes is also changed. The PO-catalyzed oxi-
dation of HIF-1a at prolines is coupled with co-oxida-
tion of 2-oxoglutarate to succinate [26, 30]. Inhibition of
2-oxoglutarate oxidation is associated with inhibition of
HIF-1a oxidation of prolines. The product of 2-oxoglu-
tarate oxidation, succinate, inhibits oxidation of this
compound [30, 31]. Another mitochondrial product,

NORMOXIA
PROLYL OXIDASE
/ OH 0,
HIF-1a = HIF-10
™ OH
+ VHL

UBIQUITINATION

fumarate, also inhibits PO [29, 30]. Therefore, accumu-
lation in cells of succinate or fumarate due to inhibition
of succinate dehydrogenase or fumarase, respectively,
results in an increase in the amount of protein HIF-1a
and in pseudohypoxia. The constant generation of ROS
above the physiological level can cause pseudohypoxia
due to direct inactivation of PO. ROS oxidize compo-
nents of the enzyme active center, which contains biva-
lent iron, and also ascorbate, which supports iron in the
reduced state [30, 32]. The ability of ROS to induce
pseudohypoxia is confirmed by the observation that addi-
tion of hydrogen peroxide to cells increased the level of
the protein HIF-1a [33, 34]. Cyclic oxidation of 2,3-
dimetoxy-1,4-naphthoquinone inside cells was associat-
ed with production of superoxide, and its injection into
various cells caused a concentration-dependent increase
in the level of ROS and accumulation of HIF-1a [35].

HYPOXIA

ARNT

> HIF-1a-ARNT

TRANSCRIPTION
(activation of ~200 genes)

Fig. 2. Regulation of HIF-1a level in cells under conditions of normoxia and hypoxia. See text for details.
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Treatment of cells with interleukin-1 induced in them the
generation of ROS and accumulation of HIF-1a [36].
ROS were produced in the mitochondrial respiratory
chain, because inhibitors of the mitochondrial chain of
electron transfer prevented accumulation of HIF-1a
[36]. ROS produced by stomach epithelial cells infected
with Helicobacter pylori also induced pseudohypoxia [37].
The existence of hereditary tumors associated with an
increased level of HIF-1a under conditions of normoxia
also suggests the involvement of HIF-1a in carcinogene-
sis and tumor progression. Hereditary inactivating muta-
tions in the VHL gene resulting in accumulation of HIF-
loo promote appearance of such tumors as retina
angiomas, brain angiomas, and light-cell kidney carcino-
mas [38]. Hereditary inactivating mutations in the genes
of succinate dehydrogenase or fumarase resulting in the
accumulation in cells of succinate and fumarate inhibit-
ing PO activity are likely to be the cause of hereditary
paragangliomas, pheochromocytomas, and kidney
tumors [39, 40]. Therefore, the genes encoding these
compounds were assigned to suppression genes [26, 30,
38]. In a recent review [40] the author analyzed muta-
tions in mitochondrial DNA in tumors and concluded
that the majority of these multiple mutations were not
associated with arising of tumors, except mutations in
germ cells in the genes encoding succinate dehydrogenase
and fumarase responsible for hereditary predisposition for
tumors.

The genes encoding succinate dehydrogenase and
fumarase are very sensitive to ROS during chemical car-
cinogenesis. Thus, injection into A549 cells of low doses
of carcinogenic nickel salts caused oxidative stress and
disorders in functioning of these genes [41]. Activities of
different enzymes of respiration were studied histochem-
ically in kidney carcinogenesis induced by injection of
1,2-dimethylhydrazine, and a significant decrease was
found in the succinate dehydrogenase activity [42]. In
mouse liver mitochondria the succinate dehydrogenase
activity was decreased and lipid peroxidation was
increased during DMBA-induced carcinogenesis [43].

Cells subjected to hypoxia displayed increased prolif-
eration [44, 45], stoppage of differentiation [46, 47], an
increased ability for migration and invasiveness [48, 49],
and resistance to apoptosis [50, 51]. In the state of hypox-
ia energy provision of cells is switched from respiration to
glycolysis. Thus, hypoxia is a powerful factor changing
the overall cellular homeostasis.

EFFECTS CAUSED BY ACTIVATION OF HIF-1a

Glycolysis. Under conditions of oxygen insufficiency
the cell has to use glycolysis, which is less efficient for
energy provision than respiration. HIF-1a transcribes the
gene of glucose transporter and genes whose products are
necessary for glycolysis, including the gene of hexokinase
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II [52], which is involved in the antiapoptotic effect real-
ized through an increase in the expression of HIF-1a.
The gene of pyruvate dehydrogenase kinase is also acti-
vated [53], and this kinase phosphorylates pyruvate dehy-
drogenase, which converts pyruvate into acetyl coenzyme
A and triggers the tricarboxylic acid cycle.
Phosphorylation of pyruvate dehydrogenase is associated
with its inactivation. Thus, in addition to activation of
glycolysis, functioning of HIF-1a. is associated with inhi-
bition of the mitochondrial respiratory chain. Switching
off respiration under conditions of hypoxia and oxygen
insufficiency seems to be due to generation by the mito-
chondrial respiratory chain of large amount of ROS that
can be toxic for the cell.

Immortalization. The acquisition by target cells of
the ability for unlimited division (immortalization) is one
of the most important factors of carcinogenesis. Limited
number of cell divisions and limited lifetime are deter-
mined by shortening of DNA ends (telomeres) at every
division. An immortalization mechanism necessary for
the unlimited growth of tumor cells and recovery of the
length of telomeres is activation of telomerases, which is
not expressed in the majority of adult cells. In particular,
the gene encoding telomerase is transcribed on HIF-1a,
activation [54, 57].

Stoppage of differentiation. Tumor cells are charac-
terized by a decrease or complete absence of differentia-
tion parameters characterizing the organ of tumor origin.
This phenomenon is associated with the mechanism of
tumorigenesis. According to the most accepted modern
viewpoint, the origin of tumorigenesis is a transformed
stem cell, which, similarly to the normal stem cell, pro-
duces during the division a similar non-differentiated cell
or a cell capable only of limited differentiation. The abil-
ity for tumorigenesis is supported by a small population of
tumor stem cells [58, 59]. Therefore, retention of these
cells in the initial “stem” state is necessary for tumor
growth. It is also possible that the cell is transformed at a
certain stage of differentiation, i.e. with an unfinished dif-
ferentiation or with some differentiation parameters lost
during tumor growth. Thus, in all the above-mentioned
cases tumorigenesis is started by a cell that is less differ-
entiated than the surrounding “mature” cells. In particu-
lar, hypoxia mediated through HIF-1a supports the poly-
potent state of stem cells. This is confirmed by the hypox-
ic state of cells during early stages of embryogenesis [60,
61]. In the bone marrow stem cells are located in regions
with low level of oxygen [84]. The stoppage of cells dur-
ing differentiation is also regulated by transcription factor
HIF-1a. Under the influence of hypoxia, preadipocytes
are shown to reversibly maintain the non-differentiated
state, and the authors [47] believe that just HIF-1a is a
factor supporting the cells in the non-differentiated state
under conditions of hypoxia.

Expression of the gene Oct-4 is also important for
supporting the polypotent state of stem cells. Expression
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of this gene is not recorded in the cells of an adult organ-
ism but is observed in embryonic and stem cells. Expres-
sion of the Oct-4 gene is dramatically increased on func-
tioning of transcription factor HIF-1a. [63].

Another mechanism of supporting stem cells in the
polypotent state and changing the differentiation status of
the cells is associated with activation of the protein Notch
by protein HIF-1oa [64, 65]. Notch is a transmembrane
receptor with an intracellular region (ISL) detached upon
interaction of the extracellular part with a ligand. ISL is
transported into the nucleus where it activates the tran-
scription factor CSL (CBF1 in humans) [66, 67]. And
depending on the cell type, this results in inhibition or
stimulation of differentiation. Thus, Notch supports
intestinal stem cells in the polypotent state and stimulates
the terminal differentiation of skin cells [67]. Disorders in
the Notch-dependent pathway of signal transmission can
result in tumorigenesis, in particular, in T-cellular neo-
plasia [67]. There is no definite answer to the question
how Notch activation occurs under conditions of hypoxia.
Some data show that HIF-1a induces the Notch gene and
its ligands [61], whereas other data suggest that HIF-1a.
interacts with ISL and increases the transcriptional activ-
ity [66, 66a]. But possibly the Notch gene can be activat-
ed through both mechanisms.

Apoptosis. Inhibition of apoptosis is necessary for
tumor development in the promotion stage because an
increase during carcinogenesis of the cell quantity in the
organ above a programmed number is accompanied by
triggering the cell suicide mechanism to maintain con-
stant cell number in the organ. There are reports about
both inhibition [69] and stimulation of apoptosis under
conditions of oxidative stress [70]. But it should be noted
that the majority of studies that detected activation of
apoptosis under conditions of hypoxia were performed in
the state of “deep” hypoxia, at the oxygen level close to
anoxia, i.e. in the situation observed in a rapidly growing
tumor. Data presented in the work [71] show that in the
state of anoxia the HIF-1a activity is inhibited through
the p53-dependent pathway, whereas no such inhibition
occurs under conditions of hypoxia. In the state of
“pseudohypoxia” during carcinogenesis the oxygen con-
centration is sufficient and the effects are associated only
with HIF-1a functioning. HIF-1a increases transcrip-
tion of genes encoding synthesis of antiapoptotic pro-
teins. These proteins switch on some antiapoptotic mech-
anisms. One of these mechanisms is associated with an
increased transcription of survivin, an antiapoptotic pro-
tein of the IAP family [72, 73]. The mechanism of the
antiapoptotic action of survivin is not quite clear, but sim-
ilarly to other proteins of the IAP family it is supposed to
block activities of caspases, first of all caspase 9 [72, 74].
Survivin is expressed in embryonic tissues and is not
detected in differentiated cells of an adult organism.
Expression of survivin is found in differently located
tumors, and the use of the expression of this protein as a
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possible marker of tumor growth is discussed [75].
Expression of survivin appears in the target organ during
early stages of DMBA-induced carcinogenesis, whereas
such expression in the control animals is absent [76]. The
cells can also withstand apoptosis through expression of
hexokinase II. In addition to phosphorylation of glucose,
this enzyme blocks mitochondrial voltage-dependent
anionic channels (VDAC) [77-79], which allow
cytochrome ¢ to enter the cytoplasm during apoptosis
[78, 81] and make apoptosis irreversible. The inhibition
mechanism is not quite clear, but some data suggest that
apoptosis can be inhibited due to phosphorylation of
VDAC by protein kinase C, which is activated by HIF-
la-regulated hexokinase [80]. Other studies indicate that
hexokinase interacts directly with VDAC and changes the
conformation of the pore produced by this protein, and
this change prevents the exit of cytochrome ¢ through this
pore and inhibits apoptosis [77, 78, 81].

The antiapoptotic action of HIF-1a is also mediated
by an increase in expression of the protein nucleophos-
min [82]. This protein prevents activation of protein p53
due to inhibition of its phosphorylation by serine 15 [82-
84]. HIF-1a also increases expression of the Mc/-1 gene
(myeloid cellular factor 1), which synthesizes an anti-
apoptotic protein of the bcl2 family [85]. The protein
Mcl-1 inhibits the activity of caspase 3 and protects cells
against toxic action of chemical compounds.

DISTURBANCE OF INTERCELLULAR
INTERACTIONS

Intercellular interactions are an important factor for
the regulation of organs. During carcinogenesis and
tumor growth these interactions are affected, connections
between the tumor cells are weaker, and therefore they
can separate from the tumor bulk and be transported
along the blood channel initiating metastases. Cell mor-
phology is also changed, and the so-called epithelial—
mesenchymal transition (EMT) is observed: the epithelial
cells acquire a fibroblast-like structure and mesenchymal
markers, such as fibronectin, appear [86]. The fibroblast-
like structure provides for greater mobility and invasive-
ness of the cells. Intercellular adhesive interactions are
regulated by cadherins. Cadherins are calcium-depend-
ent transmembrane proteins responsible for adhesive
contacts between neighboring cells. During EMT the
expression of cadherins decreases. Hypoxia stimulates
EMT [87, 88] and decreases the expression of cadherins.
Inactivation of the gene VHL resulting in an increase in
the HIF-1a level also induces EMT in cell culture [89].
These data show that the hypoxia-caused EMT is realized
due to functioning of HIF-1a. It seems that on accumu-
lation in the cell of HIF-1a, EMT can be induced
through some mechanisms. The fall in the expression of
cadherins is associated with an increase in the expression
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Fig. 3. Influences of reactive oxygen species (ROS) on promotion-associated cell functions.

of their repressor — proteins of the SNAIL family [87,
88]. The mechanism of the increase in expression of the
SNAIL family proteins upon HIF-1a activation is not
clear. On one hand, the above-mentioned receptor Notch
activated by hypoxia is shown to increase the expression
of SNAIL [87, 90]. Moreover, HIF-1a induces an
increased expression of lysyl oxidase, which stabilizes
SNAIL [91] and increases its inhibiting effect on the
expression of cadherins. Another protein, TWIST, which
is also an inhibitor of cadherins [92-94], has a HIF-1a-
binding element in the promoting region of the gene [95].
In the same works it is also shown that injection of
TWIST siRNA into cells with hyper-expressed HIF-1a
decreases EMT and the ability of cells to metastasize. The
authors think that the HIF-1a-dependent expression of
TWIST is the main factor of EMT under conditions of
hypoxia. (The overall scheme of ROS action on cell func-
tions is presented in Fig. 3.)

PRODUCTION OF ROS UNDER THE INFLUENCE
OF CHEMICAL CARCINOGENS

The mechanisms of ROS generation under the influ-
ence of carcinogenesis promoters depend on their struc-
ture. As “primary” ROS in cells, superoxide anion (which
dismutates to hydrogen peroxide) as well as hydrogen per-
oxide can be formed. Superoxide anion is generated dur-
ing oxidation of substances easily donating electrons,

such as nicotinamide and flavones. Superoxide is also
produced as a byproduct in the oxidative cycle of carcino-
gen oxidation on cytochrome P450. Hydrogen peroxide is
produced from superoxide under the influence of super-
oxide dismutase (SOD) or in some enzymatic reactions
directly on substrate oxidation, as in the case of oxidation
of fatty acids.

Generation of ROS during functioning of cytochrome
P450 isoforms. Many promoters of carcinogenesis are
simultaneously substrates and inducers of cytochrome
P450 isoforms. The induction by a given compound sig-
nificantly increases the level of the corresponding isoform
of cytochrome P450. ROS can be generated on
cytochrome P450 during the oxidation cycle [1, 96-98].
Generation of ROS is an accessory reaction during the
substrate oxidation as a result of disintegration of the
triple complex of enzyme-—substrate—superoxide with
production of free superoxide, which is converted into
hydrogen peroxide under the influence of superoxide dis-
mutase (SOD). The induction is associated with an
increase in the level of cytochrome P450, thus, the
amount of produced ROS also increases. Therefore, for
production of ROS a compound must be not only a sub-
strate, but also an inducer of cytochrome P450 isoforms.

Isoforms of cytochrome P450 seem to differ in their
ability to stimulate production of ROS during oxidation
of xenobiotics. The production of ROS is most effective-
ly catalyzed by the cytochrome isoform P4502B1 [99],
which in its turn is induced by phenobarbital-type pro-
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moters of carcinogenesis and also by some chlorinated
hydrocarbons.

During normal cell functioning, the greatest amount
of ROS is produced in the mitochondrial respiratory
chain. It is thought that from 1 to 4% of oxygen con-
sumed by the mitochondrial respiratory chain is convert-
ed into ROS [100]. Interest in studies on the role of mito-
chondria in carcinogenesis has not disappeared since
Warburg’s time, i.e. from the 1920s up to the mid-1970s
when oncogenes and later suppression genes were shown
to exist. However, in recent years interest increased in
studies of the role of mitochondria in carcinogenesis. On
one hand, arising of tumors not always can be explained
only by disorders in the regulation of expression or in the
structure of oncogenes and suppression genes. Moreover,
some earlier experimental data could not be explained by
existing hypotheses. Thus, the cytoplasm of tumor cells
retained the tumor phenotype on fusion with nuclei of
normal cells [101-103]. This suggested the responsibility
of cytoplasmic factors for tumor phenotype.
Mitochondria are the cytoplasmic structures most suit-
able as a “carcinogenic factor”. Mitochondrial stress
caused by different situations (exhaustion of mitochondr-
ial DNA, injection of mitochondrial toxins similar to res-
piration—phosphorylation uncouplers) induced progres-
sion of the tumor phenotype manifested by appearance of
invasiveness in non-invasive cells and also by resistance to
apoptosis [104-106]. An increased generation of ROS
under the influence of carcinogens can also be a mecha-
nism of disorders in mitochondrial functioning resulting
in mitochondrial stress.

Experiments changing the ROS level in mitochon-
dria confirm that the excess production of ROS can be a
carcinogenic factor. SOD, which catalyzes the conversion
of superoxide into hydrogen peroxide, is a factor of
antioxidant defense in the cell. SOD is present in the cell
as three isoforms located in different cell compartments.
SOD1 and SOD?2 are located in mitochondria and con-
vert superoxide ion produced in the respiratory chain into
hydrogen peroxide. Manganese-dependent SOD (SOD?2)
is located in the mitochondrial matrix. Mice with SOD2
gene knockout are nonviable and dye immediately after
birth [112]. Heterozygous mice have oxidative disorders
in DNA and an increased level of malignant neoplasms
[112]. Cu-Zn-dependent SODI is located in the mito-
chondrial intermembrane space. Mice with SODI gene
knockout have shortened lifespan associated with devel-
opment of liver tumors [113]. However, the number of
skin tumors induced by DMBA and subsequent treatment
with phorbol ester was lower in transgenic mice with
hyper-expressed SOD2 than in “wild” animals [114]. In
the transgenic animals there were no disorders in the
structure of mitochondria, and disorders specific for
oxidative stress and observed in the skin of “wild” mice
were less pronounced [115]. These data indicate that ROS
produced in mitochondria can cause development of
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tumors under conditions of chemical carcinogenesis.
SOD3 is located in the extracellular space and protects
components of the intercellular space against ROS pro-
duced during inflammation.

Some carcinogens induce an increased production of
ROS in the mitochondrial respiratory chain, and this can
contribute to their promoting effect.

Phorbol esters are widely used as tumor promoters.
These compounds are structural analogs of diacylglyc-
erols, which are natural activators of protein kinase C.
The ability to activate protein kinase C is thought to be
the first stage of the promoting action of phorbol esters.
But how activation of protein kinase C results in promo-
tion was unclear. Meanwhile antioxidants were shown to
inhibit the promoting effect of phorbol esters in cell cul-
ture [18, 19], and this suggested a ROS-dependent action
of these promoters. Analysis of the ROS generation path-
ways under the influence of phorbol esters revealed that
they were produced in mitochondria [120]. The most effi-
cient tumor promoter of the phorbol ester family, phor-
bol-12-miristate-13-acetate, was recently shown to cause
translocation of protein kinase C into mitochondria of
various cells. The translocation was accompanied by an
increase in the protein kinase C activity, changes in the
morphology of mitochondria, a decrease in the trans-
membrane potential, and decreases in complex 1 activity
in the mitochondrial respiratory chain and in the activity
of pyruvate dehydrogenase. Generation of ROS in the
mitochondria was increased [121].

Some data suggest that various tumor promoters of
Ah receptor-activating substances, which are inducers of
the cytochrome P450 family 1 isoforms, can cause oxida-
tive burst in mitochondria.

In the early 1990s 2,3,7,8-tetrachlorodibenzopara-
dioxin (TCDD), which is a promoter of hepatocarcino-
genesis, an effective inducer of cytochrome P450 iso-
forms, and a ligand of the Ah receptor was shown to
increase in mitochondria and in the microsomal fraction
the level of ROS that was recorded by luminescence,
reduction of cytochrome ¢ [107], and a fourfold increase
in lipid peroxidation in the mitochondrial membrane
[108, 109]. A similar effect was also caused by injection
into animals of tobacco gum containing PAH and other
ligands of the Ah receptor [110]. The increase in the gen-
eration of H,0, in the liver mitochondria of animals
treated with TCDD was also confirmed by a ~80%
decrease in the activity of aconitase, which is very sensi-
tive to H,0, [111].

In the mitochondrial membrane, cytochrome P450
isoforms 147 and 142 are expressed similarly to those
expressed in the endoplasmic reticulum. Under certain
conditions these isoforms can generate ROS in the pres-
ence of some promoters that are inducers of these
enzymes. Cytochrome P450 isoforms IA1 and 142 are
induced due to functioning of the Ah receptor. TCDD,
which is an inducer of cytochrome P450 isoforms 141
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and /42 and also a promoter of carcinogenesis, increased
the level of cytochrome P450 isoforms in both the endo-
plasmic reticulum and mitochondria [116]. But while the
induced level of cytochrome P450 was retained in micro-
somes for one week after the injection of TCDD, the
induced level of cytochrome P450 in mitochondria was
retained during eight weeks. The authors supposed that
the TCDD-caused oxidative stress should be mediated
through functioning of the induced mitochondrial iso-
forms of cytochrome P450 resulting in disorders of mito-
chondrial functions. This hypothesis was tested in work
[117], and it was shown that in animals with knockout of
the genes of cytochromes P4501A1 or P4501A2, TCDD
caused an insignificant decrease in the ROS generation in
the liver mitochondria. However, in animals with knock-
out of the Ah receptor the constitutive level of ROS gen-
eration in mitochondria was 20% of the level observed in
the “wild” animals. In animals with knockout of the Ah
receptor, injection of TCDD did not increase the ROS
generation. Thus, carcinogenesis promoters, which are
simultaneously ligands of the Ah receptor and inducers of
cytochrome P450 isoforms, can cause oxidative stress in
mitochondria with greater probability (due to functioning
of the activated Ah receptor) than inducers of
cytochrome P450 isoforms. The promotion under the
influence of the Ah receptor ligands is realized mainly
due to activation of the Ah receptor and not to ROS pro-
duction by cytochrome P450, and this is confirmed by
promotion of hepatomas [118] and stomach tumors [119]
in transgenic animals with constitutively active Ah recep-
tor without injection of ligands of this receptor.

Using an inhibitor of succinate dehydrogenase,
thenoyltrifluoroacetate, it was shown [117] that under the
influence of TCDD, ROS were produced in the mito-
chondrial respiratory chain in the succinate-dependent
region of electron transfer in complex 2. Injection of
TCDD also caused in animals a decrease in ATP synthe-
sis. However, the respiratory control in liver mitochondria
of the TCDD-injected animals did not change, but con-
sumption of O, increased approximately twofold in both
state 3 and 4 as compared to liver mitochondria of the
control animals. Increases were also observed in the activ-
ity of glutathione reductase and in the level of reduced
glutathione in the liver mitochondria of the TCDD-treat-
ed animals, but the level of oxidized glutathione was
unchanged. The authors think that this also suggests
oxidative burst in mitochondria [110, 111, 117]. A more
careful study on the influence of TCDD on mitochondr-
ial functions revealed a decrease in the level of
ubiquinone and an increase in the activity of ubiquinone
oxidase a week after the TCDD injection. This was asso-
ciated with a decrease in ATP synthesis and in the
ATP/O, ratio without changes in the respiratory control
value. In a more exotic model, spermatozoa, TCDD
increased the level of ROS in mitochondria, decreasing
the membrane potential [122]. This effect also depended
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on the Ah receptor because in mice with knockout of this
receptor neither ROS generation nor a decrease in the
membrane potential was observed. ROS generation in the
respiratory chain of mouse mitochondria increased dur-
ing the period of 7-28 days after injection of TCDD at the
level of succinate dehydrogenase [123], and the number
of structural damages in mitochondrial DNA was twofold
higher than in nuclear DNA, possibly because of the
action of ROS. In particular, the increased generation of
ROS in mitochondria under the influence of the Ah
receptor ligands was indicated by inhibition by the acti-
vated Ah receptor of activity of complex IV (cytochrome
oxidase) in the respiratory chain of mitochondria along
with the increase in activities of complexes II and III.
This results in increased production of ROS in complex-
es II and II1. Because the activated Ah receptor is a tran-
scription agent, TCDD is supposed to induce expression
of an unknown gene encoding a protein activating elec-
tron transfer at the level of complexes II and IIl and
inhibiting electron transfer at the level of cytochrome oxi-
dase [117].

We think that the increased generation of ROS in
mitochondria under the influence of promoters and the
carcinogenicity of ROS produced in mitochondria are
proved convincingly. Nevertheless, there is no unambigu-
ous idea about the pathway of carcinogen-induced
increase in the ROS generation in mitochondria and
about similarity of the mechanism of ROS production
under the influence of various substances.

Peroxisome proliferators can be another source of
ROS generation under the influence of carcinogenesis
promoters because just in these organelles f-oxidation of
fatty acids is accompanied by production of hydrogen
peroxide. In addition to the increase in number of peroxi-
somes and respectively in the amount of enzymes oxidiz-
ing fatty acids, peroxisome proliferators induce synthesis
of cytochrome P450 isoforms of family 4 in the endoplas-
mic reticulum. And peroxisome proliferators insignifi-
cantly stimulate the expression of ROS detoxification
enzymes catalase and glutathione peroxidase [20]. Thus,
a disproportion in changes of expression of enzymes
responsible for synthesis and degradation of ROS leads to
oxidative stress.

NADPH oxidase. NADPH oxidase located in the
outer cell membrane is another important source of ROS
production. In immune defense cells this enzymatic com-
plex generates ROS capable of killing bacteria. NADPH
oxidase is expressed in virtually all cells of animals.
During proliferation the cells use ROS produced during
functioning of NADPH oxidase as secondary messengers
[124]. ROS produced during functioning of NADPH oxi-
dase seem to be involved in carcinogenesis caused by
inflammation. No reports have been found explaining
carcinogenic effect of any substance by activation of
NADPH oxidase. However, the activity of NADPH in
tumors is often higher than in normal homologous tissues
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[125]. This might be associated with an enhanced prolif-
erative status of tumor cells compared to normal cells.

The literature data presented indicate that ROS gen-
erated in the cell under the influence of chemical com-
pounds can create conditions favorable for tumor promo-
tion. These conditions are: uncontrolled cell growth,
inhibition of apoptosis and activity of protein p53,
changes in cell morphology specific for invasion and
metastasizing, etc. The mechanism of ROS action on the
cell functions is diverse and not quite clear. However, the
ability of ROS to induce pseudohypoxia and as a result
create an increased level of HIF-1a in the cell seems to be
an important component of tumorigenicity of non-geno-
toxic substances. This is confirmed by hereditary tumors
associated with mutations in the genes encoding VHL,
succinate dehydrogenase, or fumarase, which also
increase the level of HIF-1a in the state of normoxia.

Acting as a promoter and inducing pseudohypoxia,
ROS are likely to be responsible for the oncogenic poten-
tial of previously spontaneously initiated cells. But it is
also possible that constant ROS-induced stimulation of
proliferation and inhibition of apoptosis and protein p53
activity can cause genome instability and oncogenic
irreparable mutations leading to generation of initiated
cells. Thus, oncogenic mutations can arise as an indirect
result of the action of ROS. This does not exclude the
generation of initiated cells at higher mutagenic concen-
trations of ROS due to their direct action.

Under the influence of chemical substances, ROS
can be produced by different mechanisms depending on
structure of the substance.

Most reasonably, ROS production seems to be asso-
ciated with oxidation of carcinogens by cytochrome P450
isoforms because the overwhelming majority of environ-
mental carcinogens are substrates of enzymes of this fam-
ily. However, the data considered in the present review
indicate that ROS can also be produced in mitochondria
under the influence of Ah receptor ligands, which include
such compounds as chlorinated hydrocarbons and PAH.
But it is unclear how the activated Ah receptor can influ-
ence functions of mitochondria.

Generation of ROS as a promoting factor during
chemical carcinogenesis suggests that antioxidants can
act as anti-carcinogens during the promotion stage of
tumor development. But because ROS can be generated
in different cell compartments through different mecha-
nisms depending on the agent, it seems that action of
antioxidants should be coupled with generation of ROS.
Thus, in the case of ROS production in mitochondria the
action of antioxidants must be directed to these organelles
and in the case of cytochrome P450-dependent produc-
tion of ROS antioxidants must act within the endoplas-
mic reticulum.
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